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INTERNATIONAL GREAT LAKES LEVELS BOARD
4; (UNDER THE REFERENCE OF OCTOBER 7, 1964)
DECEMBER 7, 1973
 SYNOPSIS
This appendix presents the results of the hydrology and
hydraulics studies undertaken by the International Great Lakes Levels
Board, which was established by the International Joint Commission on
December 2, 1964.
The purpose of the studies was to determine the relationship
between the levels of the Great Lakes and the hydrology and hydraulics
of the system.
The results of the hydrologic and hydraulic analysis, as
presented in this appendix, indicate how the levels of the Great Lakes
are controlled by the climate of the basin and the hydraulic character-
istics of the connecting and outlet channels.
With present techniques ofmeteorologic and hence hydrologic
forecasting, it is shown that the ability to accurately predict long
range water supplies to the lakes is limited. However, improved
procedures for the collection of hydrologic and meteorologic data which
define water supplies to the Great Lakes would contribute significantly
to improved regulation decisions.
The results of the entire study, as well as findings and
conclusions, are provided in the International Great Lakes Levels
Board's Report, Regulation of Great Lakes Water Levels.
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DISTANCES IN MILES
ELEVATIONS OF THE LAKE SURFACES ARE AVERAGES EXPRESSED ON






SCALES HAVE BEEN DISTORTED TO CONVEY VISUAL IMPRESSION.
Figure A-2




GREAT LAKES BASIN AREAS IN SQUARE MILES
 
IN CANADA IN UNITED STATES
RATIO OF
LAND
LAND WATER LAND WATER TOTAL AREA WATER
Lake Sugerior 32,400 11,100 16,900 20,600 81,000 1.6
Lake Michigan 0 0 45,600 22,300 67,900 2.0
Lake Huron 35,600 13,900 16,200 9,100 74,800 2.3
Lake Erie* 9,100 4,900 21,000 5,000 40,000 3.0
Lake Ontario** 11,700 4,000 14,500 3,600 33,800 3.4
TOTALS 88,800 33,900 114,200 60,600 297,500 2.1
Note: The Coordinating Committee data have been rounded to the nearest
one hundred square miles.
*
Land areas include 6,100 square miles of land and 400 square miles of
water on Lake St. Clair basin.
**
Includes water surface area and tributary land area downstream to the
St. Lawrence Power Project at Cornwall.
2.2.2 Lake Volumes
The vast water storage area of the Great Lakes is unique among fresh
water systems. Due to their sizes, as shown in Table A-2, relatively
small changes in levels (see Table A—l3) of the lake account for enormous
quantities ofwater. The total storage in one foot of water on all the
lakes would equal the mean flow of the St. Lawrence River for about four
months.
TABLE A—2
VOLUMES OF THE GREAT LAKES AT LOW WATER DATUM*
 
VOLUME STORAGE Per Foot
Acre-Feet Percent of Level Change



























Low water datum is an arbitrary elevation on each lake to which chart
and navigation depths are referred.
A-6
 2.2.3 Maximum and Average Depths
The maximum known depths are shown on Figure A—2.
levels, the average depths of the Great Lakes are:
At average lake
Lake Superior, 489
feet; Lake Michigan, 279 feet; Lake Huron, 195 feet; Lake Erie, 62 feet;
and Lake Ontario, 283 feet.
2.2.4 Shoreline Length
The shoreline lengths by lake, connecting channel and for each coun-
try are shown in Table A-3.
  
TABLE A—3
LENGTH OF SHORELINE OF GREAT LAKES
(Miles)
IN CANADA IN UNITED STATES
SHORELINE MAINLAND ISLANDS MAINLAND ISLANDS TOTALS
Lake Superior 870 620 860 380 2,730
St. Marys River 70 60 30 90 250
Lake Michigan 0 0 1,400 240 1,640
Lake Huron 1,270 1,720 580 260 3,830
St. Clair River 30 10 30 0 70
Lake St. Clair 70 40 6O 80 250
Detroit River 30 30 30 40 130
Lake Erie 370 30 430 40 870
Niagara River 30 0 40 30 100
Lake Ontario 330 50 300 30 710
St. Lawrence Power
Project at Cornwall 150 190 150 160 650
TOTALS 3,220 2,750 3,910 1,350 11,230
2.3 Outlet Rivers
Lake Superior, the most northerly of the Great Lakes, discharges
through the St. Marys River at its eastern end into Lake Huron. The
natural outlet of Lake Michigan is the broad and deep Straits of Mackinac.
It has been estimated that the average contribution of Lake Michigan to
Lake Huron is approximately 50,000 cubic feet per second. The outlet of
Lake Huron is the St. Clair River at the extreme southern tip of the lake.
The St. Clair River dischargessouthward into Lake St. Clair. The outlet
of Lake St. Clair is the Detroit River, which flows southward into Lake
Erie. The natural outlet of Lake Erie is the Niagara River, which dis—
charges from the eastern end of the lake into Lake Ontario. The outlet
of Lake Ontario is the St. Lawrence River, which flows in a northeast
direction from the eastern end of the lake to the Gulf of St. Lawrence




2.3.1 The St. Marys River
The St. Marys River forms the outlet ofLake Superior (see Figure A-3).
From Whitefish Bay on Lake Superior the river flows in a general southeast
direction a distance of approximately 70 miles to Lake Huron, and falls
about 22 feet. Most of the fall occurs in the mile—long St. Marys Rapids
reach at the cities of Sault Ste. Marie, Michigan, and Ontario. The flow
in the river has been completely Controlled since 1921 by means of a gated
dam located at Sault Ste. Marie. The principal objective of this control
is to compensate for the effect on Lake Superior levels of diverting water
arouni the St. Marys River Rapids for power. Detailed descriptions of the
regulation rule for Lake Superior and of these works are provided in
Appendix '8' Lake Regulation and Appendix '6' Regulatory Works respectively.
The discharge of the St. Marys River during the 68-year period, 1900-1967,
has averaged 74,000 cfs. Figure A—3 shows the configuration of the
St. Marys River as the connecting channel between Lake Superior and Lakes
Michigan—Huron.
2.3.2 The St. Clair—Detroit Rivers
The St. Clair River is the outlet of Lake Huron and flows in a
southerly direction to Lake St. Clair, a distance of approximately 39
miles (see Figure A—4), with a fall of approximately 5 feet.
The upper
portion of the river is a single, relatively straight channel from its
head to Algonac where it branches into a number of channels before
entering Lake St. Clair.
The area through which the numerous branches
flow is known as the St. Clair Flats.
The discharge of the St. Clair
River during the 1900—1967 period averaged 178,000 cfs.
Lake St. Clair is a shallow oval shaped basin with an average depth
of 10 feet and a maximum depth of 21 feet except for the man—made naviga-
tion channel which has been dredged to a depth of 27 feet.
The lake,
only 26 miles long by 24 miles wide,
is considered a part of the connect-
ing channels between Lakes Michigan—Huron and Erie, and contains about
one cubic mile of water (3 million acre—feet).
The Detroit River flows a distance of about 32 miles from Lake St.










except for Peach Island and Belle Isle at its head.
The lower portion of
the river
is
broad and is characterized by many islands and shallow
expanses.
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ST. CLAIR-DETROIT RIVERS LOCATION MAP
A—lO










    
 
      
    
   














































































































































































































































































































































over the period of record (1900—1967).














































































































































































These structures, built as part of the St. Lawrence Seaway and Power
Project, control the outflows of Lake Ontario, which have been regulated
since 1960 in accordance with criteria set forth by the International
Joint Commission. Details of the regulation plan for Lake Ontario and a




















Barnhart Island power plants, the river widens into Lake St. Francis,
which with the exception of a small area at the upstream end bounded by
about 3 miles of United States shoreline, lies wholly within Canada. The
levels of that lake have been fully controlled by a power plant at
Beauharnois, Quebec, and the Coteau dams at the lower end of the lake
since 1943. From Lake St. Francis, the river enters Lake St. Louis by
the natural river channel and the Beauharnois Canal. Lake St. Louis also
receives part of the flow of the Ottawa River. From the outlet ofLake
St. Louis to Montreal Harbour, a distance of about 13 miles, the fall in
the river is about 47 feet, 33 feet of which occur in the Lachine Rapids.
During the period 1900-1967, the flow of the St. Lawrence River at
Cornwall—Massena has averaged about 232,000 cubic feet per second, and at
Montreal, about 270,000 cubic feet per second.
2.3.5 Variation in River Flows
The variation in flows of the outlet rivers recorded during the
1900-1967 period is shown by the recorded maximum and minimum monthly
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TABLE A-4
RECORDED MONTHLY MEAN RIVER FLOWS






































2.4 Topography and Soils
The Great Lakes basin is divided into two general areas, the surface
features of the land in each area having distinct characteristics.
The
area north and west of Lake Superior and north of Lake Huron is part of










































































































In the lowland portions






























































































































 2.5 Major Tributary Streams
The drainage system of the Great Lakes area is relatively young, as
a consequence, few large tributaries have developed. The drainage of the
Lake Superior basin is typical of the rivers draining the Precambrian
Shield in that the slopes are variable with sluggish swampy areas, lakes,
falls and rapids as they descend from the upper watershed boundary to the
lake. Similar streams drain into Lakes Michigan—Huron along their
northern shores. The southern portion of the Great Lakes basin is charac-
terized by the rivers draining the materials left by the glaciers. These
rivers lave flat slopes where they drain old lake beds and have been dyked
to prevent frequent overflow of their banks, whereas the rivers draining
the steeper glaciated land forms have well defined courses. These types
of streams with flat slopes are typical of the southern Lakes Michigan-
Huron and Erie basin and the western Lake Ontario basin. The rivers of
the eastern portion of the Lake Ontario basin drain the Finger Lakes of
upstate New York and have well defined channels. Further east in the
Adirondacks and north to the Precambrian Shield, the drainage is similar
to that found in the Lake Superior and northern Lake Huron basins, having
variable slopes, swampy areas and many lakes.
The major rivers draining into Lake Superior are the St. Louis River,
the Kaministikwia River, the Nipigon River, the Pic River, the White
River, the Michipicoten River, the Montreal River, the Tahquamenon River
and the Ontonagon River. These rivers have the general characteristics
of those originating in the Precambrian Shield. Most of these rivers
are subject to some regulation at the hydroelectric stations utilizing
the concentrations of head at waterfalls and rapids.
The major tributaries of Lake Michigan are the Menominee River, the
Fox River, the Manistee River, the Muskegon River, the Grand River, the
Kalamazoo River and the St. Joseph River. The rivers north of the
Manistee River have similar characteristics to the rivers draining the
Precambrian Shield. To the south the river channels have better defined
courses with regular slopes and fewer lakes and swamps.
The main tributaries of Lake Huron are the Thunder Bay River, the
Au Sable River, the Saginaw River, the Mississagi River, the Spanish
River, the French River, the Magnetawan River, the Severn River, the
Nottawasaga River, the Saugeen River and the Maitland River.
The major tributaries into lake St. Clair are the Clinton River, the
Sydenham River and the Thames River.
Three main drainage systems contribute to Lake Erie. Two systems
drain the southwest portion of the Lake Erie land basin, the Maumee River
and the Sandusky River. On the north shore in Ontario, the Grand River
is the principal tributary.
The principal tributary from the north shore in Ontario to Lake
Ontario is the Trent River. The regions to the south of Lake Ontario are
drained by the Genesee, the Oswego and the Black rivers.
A-lS
  
In summary, the drainage systems of the rivers contributing to the
Great Lakes can be divided into two groups, those of the Precambrian
Shield with irregular slopes and many storages in lakes and swamps and
those of the southern glaciated areas which have steep slopes in their
upper reaches and gentle regular slopes toward the lake shores.
A—16
 Section 3
THE CLIMATE OF THE GREAT LAKES BASIN
3.1 General
The features of the basins climate are: four distinct seasons; a
variety of precipitation types and sources but with almost no month to
month variation in the average precipitation amount; marked temperature
contrasts over only 700 miles of latitude; and the influence of the Great
Lakes in modifying continental air masses.
Weather observations in the Great Lakes basin date from 1830 at
Chicago, Illinois.
Continuous observations have been taken at Detroit
since 1837 and at Toronto since 1840. The number of weather observing
stations has increased steadily with the growth in population since that
time.
By
1969 almost 500 climatological stations were in existence
observing both air temperature and precipitation.
An additional 430
stations report precipitation amounts only.
For greater detail on the climate of the Great Lakes basin, the
reader is referred to "The Climate of the Great Lakes Basin" by D.W.
Phillips and J.A.W. McCulloch 8)
This publication presents the climat—
ological analyses undertaken by the Lakes and Marine Applications Unit of
the Atmospheric Environment Service of Canada for the International Great
Lakes Levels Board.
3.2 Climatic Controls
Although the Great Lakes basin is a geographic region, the climatic
controls such as the location, topography and weather systems, cause
significant variation in the climate from one location to another.
3.2.1 Latitude
The latitudinal position of the basin, midway between contrasting
arctic and tropical air masses and in the path of maritime air originating
over the Pacific and Atlantic Oceans, does much to shape the climate of
the region.
Position within the basin results in variation in length of
day and amount of solar radiation received.
These factors are important
in explaining temperature and daylight contrasts between winter and
summer shown in Table A—5.
A-17
TABLE A-5
COMPARISON OF MEAN DAILY TEMPERATURES AND HOURS OF DAYLIGHT
FOR STATIONS AT THE LATITUDINAL EXTREMES OF THE GREAT LAKES BASIN
 
January April guly_ October
Armstrong (A), Ontario
50°17'N 88°54‘W
Mean Daily Temperature (OF) —2.8 31.3 62.0 37.5
Hours of Daylight 8.0 12.2 16.3 12.2
Berne, Indiana
40°40 'N 84°57' w
Mean Daily Temperature (0F) 28.7 49.9 74.7 54.6
Hours of Daylight 9.3 12.2 15.0 12.0
3.2.2 Topography
As discussed previously the Great Lakes basin forms part of the
Central Lowlands of North America where the topography has only a local
influence on climate. More than half of the land area of the basin is
less than 1,000 feet above sea level. The most prominent land feature is
the rim of the eastern boundary of the basin where the Adirondack Moun—
tains rise about 3,700 feet above mean sea level.
South of the Adirondack Mountains are the Appalachian Mountains.
These topographic features are not an effective barrier to storms from
the east or the south, which may dump large amounts of precipitation
into the basin.
3.2.3 Weather Systems
Alternating stable weather systems and storms continually move
across the Great Lakes basin resulting in variations in weather on a
day-to—day basis and marked weather changes between seasons.
The Great Lakes influence the storms to swing northeastward and
provide heat and moisture for their development and intensification over
the lakes. 0n the average, storms move across the basin once every four
days in January and once every eight days in July.
3.2.4 Influence of the Great Lakes
The water volume of the Great Lakes of about 5,500 cubic miles and a
surface area of about 95,000 square miles act as a vast reservoir for the
storage and exchange of heat energy and mass with the atmosphere. As the
annual water surface temperature range is half that of the air temperature
A-18
 
   
and lags the latter by up to three months, the lakes significantly
moderate the temperature regime of the adjacent land areas.
This effect
is pronounced during the winter, when lake surface temperatures may be up
to 30°F warmer than mean air temperatures.
This results in high winter
lake evaporation.
This moisture is carried over the land and results in
areas of heavy snowfall downwind of each of the lakes.
This effect is
reduced when the lake surface becomes ice covered.
3.3 Temperature
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SOURCE: THE CLIMATE OF THE GREAT LAKES BASIN BY D. W. PHILLIPS AND J. A. W. McCULLOCH.
Figure A-7











MEAN MONTHLY VALUES OF VAPOUR PRESSURE (MILLIBARS) FOR SELECTED MONTHS
BASED ON AVERAGES FOR SYNOPTIC HOURS 0100, 0700, 1300 AND 1900
EST (1957-1966) FROM 50 STATIONS IN THE GREAT LAKES REGION
Time


























As can be seen from the above table,
diurnal variations in vapour
pressure
are small.
The higher afternoon temperatures increase evapora-
tion and cause an increase in vapour pressure.
Low temperatures toward
dawn result in lower evaporation with
lower vapour pressures,
and often
condensation occurs with lower vapour pressures at this time.
In general,
















is influenced by the evaporation from and condensation on
the lakes.











source of all water











The mean annual station precipitation across the






















is the small seasonal variation in precipitation.


























































































































































































































MEAN — -— — STANDARD DEVIATION
Figure A-9
LAND RUNOFF -SEASONAL DISTRIBUTION
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SOURCE: RUNOFF CHARACTERISTICS OF THE GREAT LAKES BASIN R. L PENTLAND REFERENCE (9)
Figure A-10
GREAT LAKES DRAINAGE BASIN MEAN RUNOFF








































































































































































I + RL + P - E — O + D = A5 A4.3
where I is the inflow from the upstream lake
:
6
is the surface and groundwater runoff from
the land tributary to the lake (see Section 4.2)
is the.precipitation on the lake surface
is the evaporation from the lake surface






is the diversion, positive if into the lake,
negative if out of the lake
AS is the change in storage as indicated by a change in
the water level of the lake.
This equation which applies to each of the Great Lakes is normally used
for a time unit of one month.
Equation A4.3 shows that the source of all water to the Great Lakes
is precipitation whether it is inflow from the upstream lake, the runoff
from the land or precipitation on the lake. The water supply from the
small diversion into Lake Superior is from the same source precipitation.
However, while the water is resident in the lake, some is lost by evapo—
ration. Table A-lO shows the relative magnitudes of the sources and
losses as percent of the average outflow for a 16—year period of October
1950 to September 1966. From this table it can be seen that the
precipitation on the large lake areas of the upper lakes represents
large volumes of water. However, it is mostly lost by evaporation from
the lake surfaces except onLake Superior. The runoff from the land
areas of the upper lakes (SuperiOr and Michigan-Huron) is a significant
source of supply whereas, on the lower lakes (Ontario and Erie), the
flow from the upstream lake is the principal source of water supply. It
should be noted that the table shows that some of the water supply is
unaccounted for in Lakes Superior, Michigan—Huron and Erie as a result of
lack of precision in the measurement of the various components of the
water supply. The change in storage (AS) term over the period (1950—1966)
is considered to be zero.
A—SS
 TABLE A—lO
DISTRIBUTION OF AVERAGE WATER SUPPLY T0 LAKE IN PERCENT OF AVERAGE OUTFLOW
(1950-1966)























































The two characteristics of an unregulated lake which respond to
changes in supply
(see equation A4.3)
are the change in storage or change
in level and the outflow.
In any lake or reservoir,
if the total inflow
is greater than the total outflow, the level will rise.
If the outflow
is greater than the inflow,
the level will fall.
In the case of an
unregulated lake with natural outlet the outflow varies with the level.
When the level is high, the depth of water at the outlet is high and the
flow of the outlet river is increased.
For low levels the converse is
9
true.
Under natural outlet conditions as the water supply to the lake
changes due to an increase or decrease in its various hydrologic compo—
nents, principally precipitation and evaporation over land and lake, the
lake level and outflow will similarly increase or decrease tending to
restore an equilibrium between the supply and the outflow.
Under regula-
tion, the high levels can be lowered a limited amount by increases in
outflows up to the maximum capacity of the outlet channels for a given
level.
Similarly, regulation assumes some form of structure in the out-
let channel which will permit reductions in outflows to maintain levels





Since the water supplies to the lakes are the quantities of water
which are available for management, several studies of their use in fore—
casting for regulation and the relative importance of their various
components have been undertaken as part of the international studies of
Great Lakes levels.
However, over the period of record of the levels of
the lakes, all of the factors affecting the water supplies have not been
measured.















































































































































































































































NTS = I + RL + P - E + D A4.3.1
by substitution in A4.3
































































































































Lakes are not readily available.
Net total supplies vary seasonally, being generally higher in the
spring and summer months. The range of monthly supplies is shown in




Lake Average Maximum Minimum Bange
Superior 76,000 359,000 — 95,000* 454,000
Michigan-Huron 183,000 594,000 — 86,000* 680,000
Erie 198,000 343,000 95,000 248,000
Ontario 232,000 382,000 136,000 246,000
*
Negative values indicate that evaporation from the lake surface is
greater than the total amount of water supplied to the lake.
The monthly net total supplies tabulated werecalculated from equation
A4.3.2 with constant diversions of 5,000 cfs in Lake Superior and 3,200
cfs out of Lake Michigan for the study period 1900—1967.
Net basin supply, which is defined as the net amount of water fur-
nished to a given lake from its own basin, provides an integration of the
response of the land and lake basins to changes in precipitation and
A—35
,evaporation. Therefore, studies of these supplies are necessary to
develop the forecast and similation methods necessary for regulation
studies. The historical record provides a base for such studies. In
regulation studies the net basin supplies of the period of record plus
the inflow from the upstream lake (in total the net total supply) are
used to determine whether desirable levels and flows can be produced by
any proposed regulation scheme. In forecasting (Section 6) for regula-
tion, the net basin supplies are used as the dependent variable to
establish forecast relationships.
Net basin supplies are also used to study the hydrologic elements
which make up the supply from the local basin of each lake. The net
basin supply represents the water which the lake receives from the local
land drainage basin plus the precipitation on the lake surface minus the
evaporation from the lake surface. The relationship of the net basin
supply to the hydrologic elements can be written as follows:
NBS = RL + P — E A4.3.3 4
or by substitution in the water balance relationship A4.3
NBS + I - O + D = AS A4.3.4
The symbols are as defined for equation A4.3.
The use of relationship A4.3.3 is limited since the over-lake values
of precipitation and evaporation are not readily available. Values of
net basin supply can also be determined from the net total supply as
follows:
NBS = NTS — I + D ' A4.3.s
From this relationship the net basin supply is dependent only on the
hydrologic elements on each basin and is independent of the diversions
from other basins. It should be noted that the net basin supply does not
include diversions or inflow from the upper lake. This accounts for the
differences between Table A—11 and A—12.
TABLE A-12
MONTHLY NET BASIN SUPPLIES
(CPS—Months)
 
.Lake Average Maximum Minimum ﬂange






Erie 17,000 182,000 — 73,000* 255,000



























Negative values indicate that the evaporation rate from the lake





The levels of the Great Lakes are a result of an integration of all
of the hydrologic factors which affect the land and lake surfaces of the
basin as well as the hydraulic characteristics of the connecting channels
and the St. Lawrence River. Lake level is the characteristic of the
lakes which most frequently affects man's use of these waters, since it
controls the shoreline use, navigation and influences the amount of hydro-
electric power which can be produced in the connecting channels and out—
let river. This section describes the measurement network and the
various hydrologic and hydraulic factors which affect the lake levels.
5.2 Measurement of Water Levels of the Great Lakes
The water surface elevations of the Great Lakes are recorded by
gauges located at strategic points on the lakes and their outlet rivers.
The agencies responsible for collection of these data are the Tides and
Water Levels Section, Marine Sciences Directorate, Department of
Environment for Canada and the Lake Survey Center, National Ocean Survey,
National Oceanic and Atmospheric Administration, Department of Commerce
and Detroit District U.S. Army Corps of Engineers for the United States.
Most of the water level gauges used bythese agencies are float~activated
self—recording instruments. The water levels recorded are referred to a
common datum or level —- the International Great Lakes Datum (1955).
Elevations referred to this datum are expressed in feet above the mean
water level at Father Point, Quebec, Canada. The location of the prin—
cipal permanent lake gauges employed in this study is shown on Figure A-ll.
Earliest records date from 1859, but most of these gauges have periods of
record of about 25 years. Daily mean and monthly mean values are avail—
able for the gauges shown in Figure A—ll from the above—named agencies.
The lake levels for the period 1900—1973 used in this study for each
lake are published in Appendix 'B', Volume 2, dated 7 December 1973.
These were derived from data published by the above agencies.
5.3 Lake Water Level Variations
The levels of the Great Lakes are never constant. Short—term water
level variations are caused by persistent winds and pressure changes,
whereas long—term water level variations are caused by changes in lake
water volume. Many studies have beenmade to determine whether the long-
term water level variations from high to low and vice versa follow a
regular cycle. Other than the usually regular seasonal rise and fall, no
evidence for regular long—term cycles has been found.
5.3.1 Short Period Water Level Changes
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WATER LEVEL GAUGING STATIONS ON THE GREAT LAKES






















































































































































of energy for shore erosion. When superimposed on high water levels,
wind generated waves greatly increase the damage caused by erosion and
inundation.
Tides caused by astronomic forces occur on the Great Lakes. The
magnitude of these disturbances is in the order of a few inches or less.
Compared to other changes in the water levels they are small and can be
neglected.
Persistent strong winds tend to build up the level on the downwind
shore, reducing the level on the upwind shore. This effect, when
combined with the movement of a low pressure system, can cause a differ—
ential level over the length of a lake, such as Lake Erie, of over 12
feet.
The changes in levels due to waves, tides, wind and pressure cannot
be controlled by regulation. However, imposed on high water levels, these
effects can cause major erosion and flooding along the shores of the Great
Lakes. These effects are discussed in Appendix 'C'.
5.3.2 Long—Term Water Level Variations
Longer term variations in the levels of the Great Lakes are usually
caused by changes in water supply. The magnitude ofthese variations
during the 1900—1967 period are shown in Table A-13 as the range of stage
of the lakes. The factors affecting the water supplies to the lakes were
discussed in Section 4. The seasonal variation of the water levels ofthe
Great Lakes is a direct reflection of climate. From their lowest levels
in the winter the lakes rise as the winter rainfall and snowmelt of the
spring runoff empties into them. At this time, lake evaporation rates are
low. The evaporation from the land begins to increase and runoff to
decrease so that the water supply to the lake decreases. Lake surface
evaporation increases as the lake warms up during the summer. Increased
evaporation each summer combined with decreasing runoff from the land
areas result in declining lake levels since the inflow to the lake becomes
less than the outflow. This differential increases into the winter
months causing mid—winter low lake levels.
Any lengthy period of persistent high rainfall and low evaporation
over the several basins of the lakes results in higher lake levels.
Conversely, a persistent dry period with high evaporation and low rainfall
results in low lake levels. The lengths of such periods and the intervals
between them are variable. Regulation of the levels of the Great Lakes









VARIATION OF SURFACE ELEVATIONS OF THE GREAT LAKES
   

















Based on monthly mean values 1900—1967.
5.3.3 Crustal Movement
Long—term changes in lake levels are also related to the geology of
the basin. Geologists, in their study of the Great Lakes basin, have
discovered that uplift of several hundred feet has occurred in some
places in the area during the thousands of years since glacial times. i
The effects of this phenomenon on the water level regime of each of the
Great Lakes has been determined by the Canada—United States Coordinating
Committee on Great Lakes Basic Hydraulic and Hydrologic Data and docu—
mented in reports of that Committee. The effect of differential crustal
movement is not uniform; generally, the rates around Lakes Superior and
Ontario are greater than those around Lakes Michigan-Huron and Erie.
Since vertical movement studies are usually carried out by water level
records comparison, factors which may affect the accuracy of computed
movement rates include: changes in gauging sites; unstable vertical
control survey points; limitation of gauging and vertical control measur—
ing instruments and procedures; and local subsidence. Figure A—12 shows
estimated rates of upward differential movement in the Great Lakes basin.
 
The effects on water levels of differential crustal movement may be
better understood if the lakes are visualized as basins which are being
tilted by a gradual raising of their northeastern rims. As times goes
on, the water levels along shores that are situated south and west of
lake outlet are rising higher on these shores for a given water level
elevation. Similarly, water levels along the shores at localities north
and east of the outlet are receding with respect to the land.
5.4 Relationship between Channel Discharge and Lake Levels
The higher the lake level at the entrance to one of the connecting
channels, with a constant cross—sectional area of channel, the greater
the discharge of the channel. As a result of the large lake upstream
from the entrance to each channel, for all practical purposes, a linear
relationship exists between lake level and channel discharge under
natural conditions.
5.5 Natural Controls












       































C38 Based on the Period 1931-1960
C15 Coefficien
t of Variation (%
)







SOURCE: THE CLIMATE OF THE GREAT LAKES BASIN BY D. W. PHILLIPS AND J. A. W. McCULLOCH.
Figure
A-8
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SOURCE: CLARK R.H., AND PERSOAGE, N.P., SOME IMPLICATIONS OF CRUSTAL MOVEMEN
-
NEERING PLANNING, CANADIAN JOURNA OF EARTH SCIENCE. VOLUME 7, NUMBER 2, 137l3FNGI
Figure A-12
DIFFERENTIAL CRUSTAL MOVEMENT WITHIN THE GREAT LAKES BASIN.
ESTIMATED RATES OF UPWARD MOVEMENT IN FEET PER CENTURY























































































































































































































































































































































































































































5.6.1 Navigation Channel Improvements





settlers, changes have been made to provide improved channels for naviga-
tion. Because of regulation in the St. Marys and St. Lawrence Rivers,
channel enlargements have not changed the amount of outflow. However,
these channel improvements have permitted an expanded range of discharges
for given lake levels under regulation as well as providing 27—foot navi-
gation channels. In the St. Clair and Detroit Rivers, channel changes
have been made to provide greater navigable depths. These changes
including commercial gravel dredging have lowered Lakes Michigan—Huron
levels by 0.59 foot. Although there have been small changes in the
Niagara River belowBuffalo to accommodate the Black Rock Canal and
navigation channels in the Niagara River, it is considered that these
changes have not affected the capacity of the Niagara River.
5.6.2 Dredged Material Dumped for Compensation
As part of the dredging for the 27—foot navigable depth in the
St. Clair and Detroit Rivers, the rock spoil was placed to attempt to
compensate for the increased outflows which would result from the
deepened navigation channel. The channels of the St. Clair and Detroit
Rivers are the only connecting channels of the Great Lakes in which such
a project has been attempted. No international study has been made to
determine whether this objective has been accomplished.
5.6.3 Dykes and Sills
Dykes have been constructed both in the lower St. Clair River and
along some of the channels of the Detroit River. These were designed as
compensating measures and for disposal of dredged materials. Although
submerged sills have been proposed for the upper St. Clair River to
compensate for increased channel capacity resulting from dredging to
deepen the channels, these sills have not been constructed pending
agreement (between the two countries) as to the hydraulic effects of the
dredging.
5.6.4 Bridges
The International Railway Bridge at Sault Ste. Marie was built
immediately downstream of the compensating works which control the outlet
of Lake Superior. The piers of this bridge cause a small backwater
effect on the control structure. This effect is taken into account in
the calculation of the flow through the compensating works.
5.6.5 Fills
Although fills have been made in the connecting channels for
Adisposal of dredged materials and land reclamation, no in—depth studies
have been made to determine their effects on the hydraulics of the
connecting channels of the Great Lakes.
5.6.6 Regulation Works
Regulation works are located in two of the outlet channels of the
Great Lakes. These are the compensating works and hydroelectric generat-















































































































































































































































































































































accounting periods is permitted, when necessary,
for
computing the average diversion.
The average diversion in any one
annual accounting period shall not exceed 110% of the maximum diversion
.permitted in the decree.
This diversion reduces the supply to the lower
Great Lakes system and thus
lowers the water levels in the downstream
system except for those in Lake Ontario which is regulated.






























since the latter have a minor dependence on the former.
The effect of the four major diversions on each of the lakes and


























































































































































































Canal, has caused an insignificant lowering of Lake Erie.
TABLE A—14
MAJOR DIVERSIONS (AS OF 1970) AND THEIR ULTIMATE EFFECTS




Amount Lake * Lakes Lake Lake * Montreal
Diversion (cfs) Superior Michigan—Huron Erie Ontario Harbour
Long Lake. 5,000 0 +0.37 +0.23 0 +0.22
and Ogoki
Chicago 3,200 — —O.23 —0.14 0 -0.lS
Welland 7,000 - -0.10 —0.32 0 0
Canal
*
Regulation plans for these lakes have been designed to accommodate
the diversions.
5.6.8 Consumptive Use of Great Lakes Water
The term "consumptive use" refers to that portion of the water with-
drawn or withheld from the Great Lakes and not returned. For the purposes
of this study the diversion of water from Lake Michigan at Chicago is
excepted from this definition. It includes water utilized by crops,
incorporated into manufactured products, used in industrial processes,
consumed by man or livestock, or otherwise expended. The water so
consumed in any of the separate lake basins constitutes a reduction in
the net supply to that lake and therefore subsequently to each of the
downstream lakes. Generally the major portion of consumption results
from increased evaporation which takes place during use. Consumptive use
of water has been estimated under four withdrawal categories; thermal—
electric power generation, irrigation, industrial, and municipal and
rural water supply.
If the consumptive use were at a constant rate, the downstream lake
levels and outflows would eventually stabilize at reduced values. The
ultimate effects of the 1965 estimated rate of consumptive use on Great
Lakes water levels, if stabilized at that rate, are presented in Table
A—15. There is no sustained effect on the levels of Lakes Superior and
Ontario, because they are artificially regulated within given stage
limits. To operate within these limits, with a reduced water supply,
would require an average reduction in the outflow from each lake equal to
A—4S
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the accumulated consumptive use of water above its outlet. Thus, the
effects of consumptive use apply equally to regulated and unregulated
flows.
The rate of consumptive use ofwater within the Great Lakes water—
shed is not constant from year to year. It is expected, based on pro—
jected land uses, industry and power growths, and population increases,
that rates of consumptive use will increase from a total basin consump-




EFFECTS OF 1965 RATE OF CONSUMPTIVE USE OF WATER
EEEEEEBEiyg—yég- Ultimate Effect on
Individual Basin Cumulative Levels to Nearest
Lake (cfs) (cfs) 0.1 Foot
*
Superior 40 4O 0
Michigan-Huron 1,250 1,290 —0.1
Erie 680 1,970 —O.1
*
Ontario 300 2,270 0
Montreal Harbour — 2,270 -0.1
*
Due to these lakes being regulated.
5.7 Long—term Trends
Ice control through the use of ice booms and ice-breaking ships can
change the natural river regime. Floating ice booms are used to stabi—
lize the ice cover and winter hydraulic regime and prevent its deteriora—
tion through runs of broken ice which can create ice jams and large head
losses with reduced channel capacity. Ice breaking ships may break up a
stable ice cover which may result in near open-water conditions with
little reduction in channel capacity due to ice. These two factors can
be artificial influences on the hydraulics of the connecting channels of
the Great Lakes. If ice control continues during successive winters
Ireducing the natural ice retardation, it will have the long-term trend
of increasing the winter outflows in the connecting channels. Other
long—term trends may develop due to increased flow retardation by weeds
and consumptive use. However, insufficient data are available to deter—
mine whether the above activities have caused any measurable change in





































































































































































































































































































































































































































































































































































































































































































































































































































































tion (ER) is estimated as follows:





























G is the total insolation per month in evaporation units
















































































































where G0 is the extra atmospheric insolation
8/5 is the ratio of possible sunshine duration
0 (the ratio of the duration of bright sunshine to



















































































Mean monthly wind speed (miles per hour).





















































where P is the regional monthly precipitation
ER is the regional monthly evaporation
R is the regional monthly runoff

























































































































































































































































































































































































































































































M = p _ (l»a)G
R 2 A6.7
When snow is accumulating on the ground surface
P = P + P A6.8
where P is precipitation in the form of snow
PR is precipitation in the form of rain
when precipitation is accumulating as snow fromA6.7
_ lL-EE =
P8 2 sA A6.9
where SA is snow accumulated on ground per month in
inches of water and it is assumed that the
precipitation occurring as rainfall is
immediately available to runoff.
Then, for months when snow is accumulating, A6.7 becomes
PR = MR A6.10
For the months in which snowmelt normally occurs (March through May), the
accumulated snow (December through March), S is assumed to melt in March.
The heat used in this process is subtracted from that available for
evaporation and is computed by
_SAx80
SM — ——ziﬂ;—— A6.11
A-49
 where S is the heat required for snowmelt in evaporation
units and the constant 80 and 676 are the latent
heat of fusion of ice and the latent heat of
sublimation of ice, respectively.
The relationship used to calculate the regional moisture in months when
snow is accumulating and melting combines A6.7, A6.9 and A6.ll.
MR = 5A + P — 511%19 — SM A6.12
For each of the basins of the Great Lakes, it is assumed that snowmelt
will occur in the month that it has occurred, on the average, in the
past.
The assumed operation of the model is a simplification of the
processes of the water balance and snow accumulation and melt. It is
assumed that evaporation takes place from the snow surface and any rain—
fall which occurs during the period of snow accumulation is immediately
included in the regional moisture. Snowfall minus evaporation accumulates
until the month in which melt normally occurs depending on the basin.
Any snowfall occurring after this month is assumed to melt within the
month in which it occurs and contributes to the regional moisture.
Then, assuming that the regional moisture is equivalent to the
moisture excess, by keeping a month-by-month accounting of this value
during the year, the value frequently becomes negative indicating a
moisture deficiency. It is assumed that these negative values must be
recharged before any excess is available to runoff or groundwater re—
charge.
These positive values of MR can be routed to estimate the land run—
off to the lake. By assuming storage as directly pro ortional to out-
flow and uniform recharge in the time period, Dooge(1§ used linear ground-
water storage elements and, by integration, developed a routing equation
which, for the notation used here, can be written
= + _
Qn CO MRn + Cl MRn_1 C2 Qn l A6.13
where Q is the volume of outflow from the basin in
one month
n refers to the time period of one month.
This provides a linear relationship of regional moisture to the outflow.
To relate this outflow to the net local supply to the lake (S), it
has been previously stated that the net local supply is made up of two
elements, the land runoff and the precipitation difference on the lake
(P—E). This value (P—E) is estimated from a water balance of the lake
or estimates of precipitation and evaporation on the lake surface.
Therefore, it can be written












 Annual precipitation (1931—1960) for individual lake basins similarly
increases from west to east across the lakes; i.e., Superior averages 30.9
inches, Michigan 31.5 inches, Huron 32.0 inches, Erie 33.8 inches and
Ontario 34.5 inches. Table A—7 shows the seasonal and annual precipita—
tion maximums, minimums and means for each lake basin with an indication
of their variation from year to year.
TABLE A—7
PRECIPITATION FOR SELECTED MONTHS
FOR THE GREAT LAKES BASINS 1931—1960
(Inches)
January April July October Annual
  
ONTARIO
Maximum 4.61 4.23 5.75 7.99 43.06
Minimum 1.22 1.29 1.28 0.77 27.58
Mean 2.17 2.63 3.10 2.93 34.50
Standard Deviation (Inches) 1.04 0.67 1.06 1.53 3.60
Coefficient of Variation (%) 48 24 34 52 10
ERIE

























































































































Values calculated by United States Army Corps of Engineers.
A—23
  
Substituting from Qn from A6.13, A6.14 becomes
= + + + p_E
Sn C0 MRn C M C2 Qn_l ( )n
l Rn—l A6.15
but for the previous month
Sn-l = Qn-l + (P'E)n-1 A6.16
rearranging terms
Qn-l = Sn—l — (p-E)n—l
Substituting in A6.15
: + + .. _ + _
sn Co MRn Cl MRn—l C2 Sn—l C2 (p E)n-l (P E)n
A6.17
This relationship provides a basis for forecasting the net local supply
to the lake. Two of the terms for the forecast month MRn and (P-E) are
not known in advance and can be utilized when long range meteorological
forecasts are available.
From any given time period, it was considered desirable to be able
to forecast up to 12 months ahead; this means that for each of the lakes,
12 regression equations for each of 12 months would be required; that is
from January, it would be required to forecast supplies from February,
March, April....December, from February forecast March, April, May....
January, etc. The variables used in the forecasting were moisture excess,
the difference between precipitation and evaporation, and antecedent net
basin supply, all for the three previous months; a total of 9 independent
variables. Theregression equations were then determined by a step-wise,
least squares, linear regression program and were of the form
NBSt A
+ + +
AZNBSt_ A NBst_ ArNBSt_
1 1 3 2 3
+ + + +
ASMEt—l A6MEt-2 A7MEt—3 ASPEt—l
+ +
AQPEt-Z AlOpEt—S A6.18
where NBSt refers to the net basin supply to the lake in month t
MEt is the moisture excess in month t
PE is the difference, precipitation minus evaporation in
month t.
Any regression equation for which the coefficient of determination
was less than 0.5 was rejected as non—significant, and in all future
A-Sl
 steps the net basin supplies forecast by rejected equations were replaced
by the long—term means of the corresponding recorded net basin supplies.
The forecast net basin supplies for each lake obtained from the
regression equations were then routed through the Great Lakes system in
order to provide forecast lake levels.
The routing model is essentially
the same as that described by Pentland, Rosenberg and Cavadias(3).
Routing
throughthe regulated lakes is carried out by following the
regulation plans currently in operation.
Routing through the unregulated
lakes is complicated by the fact that outflows of Lakes Michigan—Huron
depend not only on the levels of that lake, but also on the levels of
Lake St.
Clair and,
to a lesser extent, on the levels of Lake Erie.
Routing through these lakes is, therefore, carried out by a series of
successive approximations using two separate slope—discharge relation—
ships.
6.2.2 Method 2
Using the relationship of Section 4.3.1, a mathematical model was
developed for forecasting the first month's net basin supply
(NBS)(10)
to
each of the Great Lakes.
The model consists of a multiple linear regres—
sion which employs precipitation and temperature of the current and
.
antecedent month as independent variables with net basin supply as the
.
dependent variable, i.e.
NBS = aP + bPA + CT + dTA + K
A6.19
where NBS estimate of average monthly supply to lake
from its own drainage basin (dependent
variable) in thousands of cubic feet per
second
P, PA = current and antecedent precipitation ‘
(independent variables) in inches g
2
T, TA = current and antecedent temperature 4
(independent variables) in degrees
Fahrenheit
a, b, c, d = coefficients of regression
K = constant of the equation.
The model developed for forecasting the subsequent months is based
on a time series analysis of the recorded net basin supply. In this
model, it was assumed that net basin supply over a given period is the
result of four subcomponents: (T) trend, (S) seasonal, (C) cycle and
(R) random fluctuations. By way of generalization, time series of
monthly net basin supply values may be described as the resultant force
of four factors, symbolized thus:




resultant net basin supply
T = trend value
S = seasonal value
C = cycle value
R = random fluctuations.
Here (T x S x C) represents the persistence components, and R represents
the random component of the net basin supply series.
Each of the above—mentioned forces is discussed briefly below:
TREND - Trend describes the long—term rise or decline tendency of the
net basin supplies in a given period. The trend line reveals the
regular and persistent movement of the supplies, ignoring short—term
fluctuations.
 
SEASONAL VALUE — Seasonal value describes the variations occurring within
a year that tend to recur from year to year with some consistent pattern,
depending largely on weather cycle.
CYCLE — Cycle describes an element of the time series that occurs over
long periods of time (high or low periods), but is not uniform in time
duration or amplitude.
RANDOM FLUCTUATIONS — Random or irregular fluctuations, which are
dependent on many seemingly chance factors, cannot be reduced to
definite rules and at times are largely responsible for extreme supply
conditions. Projection of the forces active in the time series into the
future is dependent on indices that were selected to represent these
forces. Currently, the extension of the date is determined from the
computed trend line, modified by the 18-month antecedent moving average
net basin supply; the cycle force is determined from the 12—month ante—
cedent precipitation; the seasonal force is assumed to be the average
monthly value for the period of record; and the random fluctuations are
assumed to have a factor of l.
The forecast of lake levels and outflows for each month of the 6—
month forecast for each of the Great Lakes is accomplished in Method 2
by following the steps outlined below:
(a) determine beginning—of—period lake levels for each lake;
(b) at the outset of the forecast period receive P, P , T and T ;
values for each lake, from U.S. National Weather Service (see equation
A6.3);
(c) convert them to numerical values to be utilized by equation
A6.3;
(d) obtain forecast NBS, for each lake, using equation A6.3 for the
first month of the forecast period;
A-53
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(e) obtain forecast NBS for each lake using trend relationship for
the second through sixth month of the forecast period;
(f) route the forecast NBS through the system. The routing model
employed in Method 2 is similar to that of Method 1.
6.3 Comparison of Methods 1 and 2
Tables A—16 to A—l8 contain a listing of the absolute average errors
and the maximum errors for the first through the sixth month, obtained
from testing Methods 1 and 2 over the period 1959-1967. The errors
obtained for Lake Ontario have not been included in the tables because
the levels of this lake are affected by weekly regulation decisions which
are not predictable.
Comparison of the two methods indicate that the error levels under
both methods are of the same magnitude; however, the maximum errors in
Method 2 are less.
6.4 Application of Forecasting to Regulation
Neither of the above methods were used in the Board's regulation
studies, since the basic data upon which the forecasts are based are
available only for a recent portion (less than 30 years) of the test
period (1900—1967). However, in order to evaluate the impact of fore-
casting on regulation, an analysis was carried out assuming perfect
forecasting capability for one to twelve months. Utilizing this perfect
foreknowledge of supplies, the effects on Lakes Superior, Michigan-Huron
and Erie were computed for each period, using Regulation Plan 80—901 for
Lakes Superior and Ontario. For example, under the 7—month forecasting
situation, Lake Superior is so operated to balance the forecast storage
on Lakes Superior and Michigan—Huron over the 7—month period. In a
strict sense, the results for different cases are not directly compar—
able, because the rate at which the balancing is achieved is related to
the length of the forecast period. However, the technique does provide
an approximate method for estimating the economic value of forecasts for
regulation.
6.4.1 Results
Table A—19 provides the results of the above analysis, compared
with the lake levels and dollar benefits on Lakes Superior, Michigan—
Huron and Erie that would occur underRegulation Plan 80—901. The table
demonstrates that no significant benefits can be obtained until a
forecasting capability of four months is attained with maximum benefits
being obtained in the sixth month.
6.5 Concluding Discussion
Table A—19 shows that benefits can be obtained from regulation
decisions based on a forecast if the forecast is accurate for at least
four months into the future. Present knowledge of the future climate
over the basin prevents the preparation of such a forecast. However,





























































































































































































































































































































































































































































































































































































































DEVIATION OF FORECAST FROM MEASURED WATER LEVEL
LAKE SUPERIOR
   
METHOD 1 METHOD 2
Month Average Maximum Average Maximum
1 1.11 + .32 1.12 - .38
2 1.15 ‘ .46 1.15 + .56
3 1.16 ' .47 1.17 - .60
4 1.17 ' .51 1.19 + .57
5 1.16 + .54 1.20 - .93
6 1.18 + .51 1.20 + .54
TABLE A-17
DEVIATION OF FORECAST FROM MEASURED WATER LEVEL
LAKES MICHIGAN-HURON
METHOD 1 METHOD 2
Month Average Maximum Average Maximum
1 1.11 -1.72 1.14 + .53
2 1.18 -1.65 1.21 + .62
3 1.26 -1.62 1.31 -l.29
4 1.33 -1.51 1.37 -1.19
5 1.39 -1.45 1.45 -1.32
6 1.46 +1.44 1.49 -1.37
TABLE A-18
DEVIATION OF FORECAST FROM MEASURED WATER LEVEL
LAKE ERIE
METHOD 1 METHOD 2
Month Average Maximum Average Maximum
1 1.13 —1.44 1.18 + .71
2 1.20 -1.17 1.26 + .91
3 1.25 + .81 1.32 +1.05
4 1.30 + .86 1.37 +1.06
5 1.32 + .89 1.39 +1.15
6 1.33 + .83 1.41 +1.21
A—56
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Seasonal snowfall over the Great Lakes varies greatly from year to
year. The amount of snow to be expected during a normal winter varies
across the basin. Annual snowfalls of less than 20 inches are found to
the south of the lower lakes, while annual snowfalls exceeding 140 inches
occur in pockets east (downwind) and south of Lake Superior and east
(downwind) of Lake Ontario. Elevated areas east of Lake Huron experience
more than 100 inches during a normal winter. The amount of snowfall may
vary from 25 to 40 percent from the mean from year to year.
The snow—cover is a major contributor to spring runoff to the lakes.
A determination of the water equivalent of the snow—cover is an important
factor in forecasting water levels of the lakes. In general, the most
significant snow—covers accumulate in the northern portions of the basin
and where the heaviest snowfalls occur in the lee (downwind) of the lakes.
E
3.6.1 Intensity of Precipitation
Intensity of precipitation is an important factor when considering L
the hydrology of small watersheds. However, the basins of the Great %
Lakes are so large and the time lags in the lakes so great that the
intensity of precipitation is not a major factor in the response of the
levels of the lakes. In general, precipitation intensity increases from
north to south mainly because of more frequent occurrences of summer
convective air mass precipitation in the southern latitudes. The res—
ponse of lake levels to extremely heavy rainfalls on the land areas is
related to the relative wetness of the basin at the time of occurrence.
3.6.2 Over—Lake Precipitation
 
Over—lake precipitation represents a large and immediate supply of
water to the Great Lakes since about one third of the Great Lakes basin
area is lake surface. At the present time there are no continuous measure-
1
ments of precipitation over the lakes, although the few measurements which
are available indicate that it is slightly more than over land areas.(7)
To obtain estimates of over-lake precipitation, measurements of precipita—
tion at land stations on or near the lake shores were extrapolated over
the lake surface.
3.7 Evaporation
Evaporation is influenced by the climatic characteristics of solar
radiation airmass temperature, humidity and wind. It occurs from both
land and water surfaces of the Great Lakes basin and a large proportion
* of the water supplied by precipitation is lost through evaporation from
these surfaces.
3.7.1 Over-Land Evaporation
More than half the annual precipitation which falls on the land
basin is lost by evaporation. Using estimates of average basin precipi—
tation and runoff for the years 1935 to 1964, evaporation from the land
was calculated by the water balance, assuming that the net storage
change and the groundwater flow directly into the lake over this period
is negligible. Table A—8 shows estimates of over-land evaporation for
each basin calculated from the water balance.
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MEAN ANNUAL EVAPORATION (INCHES) FROM LAND PORTIONS
OF THE GREAT LAKES BASIN AS DETERMINED BY THE WATER BALANCE EQUATION
1 2 3 Evaporation






Superior 29.4 13.9 15.5 53
Michigan 31.3 11.2 20.1 64
Huron 31.2 13.5 17.7 57
Erie 33.7 11.7 22.0 65
Ontario 34.1 15.5 18.6 55
1. 1935—1964 average as calculated from U.S. Lake Survey data.
2. 1935—1964 average from (7).
3. Precipitation minus runoff.
3.7.2 Over—Lake Evaporation
There is no direct means of measuring over—lake evaporation.
Several estimates using energy balance, water balance and empirical mass
transfer relationships have been obtained for each lake. These estimates
are shown in Table A—9. Although the estimates do not agree because of
the variety of methods and periods of record used, they do indicate that
evaporation is least in the spring (sometimes condensation occurs) when
the lakes are cold relative to the air above them and is greatest in the
fall and early winter when the lakes are warm relative to the air above
them. The water balance evaporation is of a similar magnitude to the
precipitation (as determined from land station data) on all the surfaces
of the Great Lakes except on Lake Superior where it is considerably
less.
3.8 Wind
Wind is of interest in any study of the hydrology of the lakes since
it influences the evaporation from land and water surfaces. The speed,
direction and frequency of winds at a given location are a reflection of
the passage of weather systems and the local exposure.
In winter, the winds over the Great Lakes are generally westerly
with northwest winds prevailing in the north and southwesterly in the 1
south. Summer winds tend to blow from the west and south. ‘
Wind speeds are greatest in the spring and fall. Summer winds are
generally more variable in direction and less variable in speed than
winter winds. Winds also affect lake levels and flows in the connecting
channels and are one of the forces which influence the circulation in
the lakes. These wind effects are generally of short duration and cannot
be altered by regulation. However, when choosing design limits for levels,




COMPARISON OF ESTIMATES OF EVAPORATION FROM THE GREAT LAKES (inches)
LAKE
ONTARIO
ERIE HURON SUPERIOR MICHIGAN
ENERGY WATER MASS WATER MASS MASS MASS MASS
METHOD BUDGET BUDGET TRANSFER BUDGET TRANSFER TRANSFER TRANSFER TRANSFER
Richards
Richards Richards Richards
AUTHOR Anderson Rosenberg Witherspoon Kohl er Snyder Irbe Derecki Snyder Irbe Snyder I rbe Snyder Irbe Snyder
1961 1959 1966 1959 1960 1969 1964 1960 1969 1960 1969 1960 1969 1970
JANUARY 4.9 3.2 2.2 3.1 3.1 3.8 1.9 2.6 2.2 3.1 4.7 3.0 4.6 3.0
FEBRUARY 3.5 2.3 1.1 2.5 2.7 2.9 0.8 1.9 1.6 2.8 3.5 2.5 3.6 2.6
MARCH 2.0 0.8 0.6 2.2 1.7 1.7 0.8 1.1 0.5 1.7 1.8 1.9 2.3 1.7
APRIL 0.2 0.8 0.1 1.0 0.6 —0.7 0.0 0.5 -1.2 0.5 -0.3 0.7 0.6 0.4
MAY -0.7 0.5 -0.1 0.0 ~0.6 0.4 0.4 0.7 2.3 -0.6 0.0 -0.6 0.4 —0.8
JUNE 0.0 0.2 0.0 0.2 0.1 0.1 1.2 1.9 3.0 -1.1 -0.8 -2.4 -1.4 —1.2
JULY 4.6 1.8 2.2 2.3 2.3 1.9 3.6 3.7 2.8 1.3 0.2 -4.0 -3.2 1.2
AUGUST 3.5 4.0 3.8 2.8 4.0 3.2 5.5 4.8 4.4 3.4 2.0 -0.2 -1.6 3.1
SEPTEMBER 4.0 4.2 4.7 3.8 4.2 4.3 6.4 4.9 5.6 3.8 3.4 2.2 1.3 4.0
OCTOBER 3.7 24.6 5.4 3.2 3.2 3.6 5.5 4.3 6.2 3.2 4.5 2.5 2.5 3.4
NOVEMBER 4.3 4.4 3.9 2.6 2.6 3.5 4.7 2.7 5.4 2.6 4.6 2.6 4.1 2.8
DECEMBER 4.2 4.4 3.7 2.9 3.0 3.5 2.8 3.6 3.0 3.2 4.6 3.2 4.8 3.0
ANNUAL 34.2 31.2 27.6 26.6 26.9 28.2 33.6 32.7 35.8 23.9 28.2 11.4 18.0 23.2
NEGATIVE VALUES INDICATE CONDENSATION
 
Winds are the driving force for waves, which cause shore erosion





HYDROLOGY OF LAND AND LAKE
4.1 General
As previously indicated in Table A—8, less than half of the water
which falls as precipitation on the land surfaces tributary to the Great
Lakes actually reaches the lake. However, all of the precipitation
which falls on the lake surfaces contributes to the gross water supplies.
4.2 Hydrology of Land Basins Tributary to the Great Lakes
Precipitation which falls on the land surface moves through
several storages during which time some precipitation is lost to evapora—
tion. During freezing weather the precipitation accumulates on the
surface as snow which is stored until warmer weather causes snowmelt. If
there is more water available at the surface from snowmelt or rainfall
than can move into the soil, the water will move over the surface as run-
off to surface water storages in lakes or swamps orto streams. Some
water moves through the soil surface replenishing soil moisture (which
plants use as a water supply). When the soil moisture is recharged the
remainder of the precipitation moves to groundwater storage. Groundwater
storage is the source of springs which, with the outflow from the surface
storage in lakes and swamps, provides the dry weather flow for streams.
The rainfall during the fall and spring months and snow accumulation
during the winter provide the major portion.of the water contributed
from the land areas to the lakes.
For the land basins of the Great Lakes the relationship of precipi—
tation, evaporation, runoff and storage can be expressed by the hydrolo-
gic equation:
PL — EL — RL = ASL A4.2
where P is precipitation on land surface
E is evaporation from land and plant surfaces
R is the tributary stream and direct groundwater
runoff to the lake from the land area
AS is the change in storage on land area as snow
on the ground, surface water, soil moisture and
groundwater storages.
Precipitation on the land surface and evaporation from land and
plant surfaces was discussed in Section 3. The relationship of ground-





Groundwater contributes to the inflow to the lakes as a major contri-
bution to the low summer flow of the tributary streams and as a direct
inflow from the shores of the lakes. However, it is generally assumed,
based on the limited data available, that the quantities of groundwater
flowing directly into the lakes is small and within the range of error
of measurement of the water supplies to the lakes. The basis for this
assumption is the nature of the surface materials and the deep deposits
in the basin. The surface materials are glacial till and are heteroge—
neous with few extensive aquifers which might yield large quantities of
water. Although some areas are underlain by porous limestone and sand—
stone bedrock which do yield large quantities of water, the orientation
of these formations is such that large interbasin water movements are
unlikely. However, little is know about basin—wide groundwater movement.
As a result no conclusion as to the significance of the contribution of
groundwater to the water supplies ofthe Great Lakes can be made.
4.2.1 Effect of Physiography on Runoff
The physiography influences runoff since increased precipitation
and lower evaporation which occur over higher land elevations result in
higher runoff. The runoff distribution in time is determined by the
nature of the storages on the basin. These storages are dependent on
such physiographic characteristics of the land as surface shape, soils
and groundwater bearing materials. Surface storage, soil moisture and
groundwater determine the base flow characteristics of the streams
draining the land areas adjacent to the lakes. These characteristics
vary fromrelatively steep areas with shallow soils with many lakes
where high base flows occur to flat areas of heavy clay soil where low
base flows occur.
4.2.2 Storage Reservoirs on Tributaries
The flows of most of the tributaries to the Great Lakes have been
regulated more or less at some time during the period of record. During
and following settlement of the Great Lakes basin, particularly in the
late eighteen hundreds and early nineteen hundreds, most streams with
adequate fall had grist and saw mills which used the streamflow as a
source of energy. Because of their load requirements these mills
regulated the streams to some extent. As further settlement took place
and the development of large sources of hydroelectric power increased,
these small mills fell into disuse. Storage development has continued
on tributary streams for hydroelectric power and for flood control.
Most
hydroelectric development has taken place on the rivers of the Precam—
brian Shield where concentrations of head were associated with natural
lakes which could be developed as reservoirs.
Flood control storage has
been developed in the upstream areas of streams draining the more densely
populated portions of the basin.
All of these storages, the operation of
which has developed over a period of years, tend to reduce the month—by-
month variability of streamflow by storing water in the spring for release
later in the year during normal low flow periods.
In the case of hydro—
electric power generation, some water is held until the winter months when
the high demand for electricity occurs.
An evaluation of the effect of
such regulation on the natural supplies to the Great Lakes was made as
part of this study.
It was concluded that the effect of the tributary
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 storages,
when
considered
in
terms
of
such
large
lakes
as
Superior
and
Michigan-Huron,
is
within
the
margin
of
error
of
the
lake,
water—level
measurements.
4.2.3
Time
Distribution
of
Land
Basin
Runoff
Each
of
the
land
basins
show
similar
average
runoff
characteristics
as
can
be
seen
in
Figure
A-9.
There
is
a
spring
seasonal
rise
due
to
snowmelt
followed
by
a
gradual
recession
until
the
following
fall
or
spring.
This
demonstrates
the
importance
of
the
storage
as
surface
water
and
groundwater
to
the
land
runoff
pattern.
For
the
upper
lakes,
Figure
A—9 shows
that
the
month
with
the
highest
runoff
is
May
on
Lake
Superior
and
April
on
Lakes
Michigan-Huron.
On
the
lower
lakes,
the
peak
runoff
occurs
in
March
on
Lake
Erie
and
in
April
on
Lake
Ontario.
These
peaks
are
attributable
to
the
accumulation
of
snow
during
the
winter
months
and
its
melting
in
the
spring.
Lakes
Erie
and
Ontario
demonstrate
a
tendency
to
higher
runoff
in
the
fall
and
winter
months.
This
is
a
result
of
the
fact
that
a
greater
proportion
of
the
precipita-
tion
during
these
months
occurs
as
rainfall
in
the
lower
lake
basins,
when
land
surface
evaporation
is
low.
Snowmelt
can
occur
during
any
winter
month
on
the
lower
lake
basins
whereas
on
the
upper
lakes
the
snow
cover
is
more
persistent.
The
variability
of
the
runoff,
as
demonstrated
by
the
standard
deviation,
is
greatest
during
snowmelt
and
during
fall
and
winter
months
mainly
because
of
the
variability
of
precipitation
distribution
between
rain
and
snow
during
these
months.
4.2.4
Areal
Distribution
of
Land
Basin
Runoff
In
Sections
3
and
4.2.1
the
relationships
of
climate
and
physio—
graphy
to
runoff
were
discribed.
This
is
reflected
in
Figure
A—lO
which
shows
the
mean
annual
runoff
distribution.
Precipitation
generally
increases
from
west
to
east
across
the
Great
Lakes
basin
and
the
runoff
follows
a
similar
general
pattern.
However,
precipitation
increases
from
north
to
south
whereas
runoff
decreases
in
that
direction.
This
anomaly
is
related
to
the
latitudinal
differences.
In
the
north
lower
evaporation
rates
result
in
higher
runoff.
It
should
be
noted
also
from
Figure
A—lO
that
areas
of
high
runoff
occur
in
the
lee
of
all
the
lakes.
These
areas
of
high
runoff
are
mainly
caused
by
snowmelt
of
the
heavy
snowfalls
resulting
from
the
lake
effect
storms.
4.2.5
The
Effect
of
Man's
Activity
on
the
Hydrology
of
the
Land
From
existing
knowledge
of
hydrology,
it
is
logical
that
man's
activities
of
clearing,
draining,
irrigating
and
urbanizing
have
changed
the
hydrologic
characteristics
of
the
land
areas,
particularly
in
the
Great
Lakes
lowlands.
Although
local
hydrologic
problems
have
resulted
from
these
activities,
most
of
these
changes
have
taken
place
gradually
over
150
years.
Since
hydrologic
records
are
available
only
for
the
recent
fifty
to
one
hundred
years,
the
total
effect
of
man's
activities
on
the
hydrology
of
the
land
basins
tributary
to
the
Great
Lakes
cannot
be quantified.
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